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Ovine β‑lactoglobulin was characterized by spectroscopic 
(CD), calorimetric (ITC) and X‑ray structural studies. The 
structure of ovine β‑lactoglobulin complex with decanol 
showed that tight packing of molecules in the crystal‑
line phase enforces a distortion of protein flexible loops 
resulting in the formation of an asymmetric dimer. The 
loops surrounding β‑barrel in ovine lactoglobulin pos‑
sessed the same conformational flexibility as observed 
previously in other lactoglobulins and the change of their 
conformation regulates the access to the binding pocket. 
The structure of asymmetric dimer revealed a new re‑
gion in β‑barrel where ligand polar group can be located. 
These findings indicated protein adaptability to ligand di‑
mensions and inter‑ and intramolecular interactions in the 
crystalline phase. Calorimetric and crystallographic stud‑
ies provided the experimental evidence that ovine lacto‑
globulin is able to bind aliphatic ligands. Thermodynamic 
parameters of sodium dodecyl sulfate binding determined 
by ITC at pH 7.5 had Ka, ΔH, TΔS and ΔG values similar to 
those observed for bovine and caprine protein indicating 
the same mechanism of ligand binding.
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INTRODUCTION
Milk belongs to a group of basic nutritional products. 
Besides the most popular cow milk, nowadays, milk from 
other species as buffalo, goat, sheep, camel, horse, donkey 
and yak is available and consumed in some regions of the 
world (Claeys et al., 2014). Milk is an important source of 
proteins in the human diet. β-Lactoglobulin (LG) together 
with α-lactalbumin and casein are the major milk protein 
allergens (Martorell-Aragonés et al., 2015; Villa et al., 2018). 
Although β-lactoglobulin is present in the milk of many 
mammals (Sawyer, 2013), it is not present in human milk. 
Among lactoglobulins from different species, the most 
thoroughly biochemically, biophysically and structurally 
studied is the bovine protein (BLG). Much less is known 
about ovine β-lactoglobulin (SLG) and its homolog from 
goat milk (GLG). Sheep protein, similarly to bovine one, 
has 162 residues and is dimeric at a neutral pH (Loch et 
al., 2014). The sequence of SLG isoform A used in all our 
experiments differs from BLG isoform B and goat protein 
(GLG) only at six positions located far from the binding 
pocket (Fig. 1) (Loch et al., 2014). Lactoglobulins belong 
Figure 1. (A) The overall structure of ovine β‑lactoglobulin (PDB 
ID: 4NLI). (B) Superposition of the structures: BLG_B (black, PDB 
ID: 3BLG), SLG_A (red, PDB ID: 4NLI) and GLG (blue, PDB ID: 
4OMX) with mutation sites marked by yellow spheres. Mutation 
sites present only in bovine lactoglobulin are marked with an 
asterisk.
Alignment of lactoglobulin sequences: bovine lactoglobulin iso-
form A (BLG_A) and isoform B (BLG_B), ovine lactoglobulin iso-
form A (SLG_A) and caprine lactoglobulin (GLG).
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to the family of lipocalins, relatively small proteins that, 
despite diverse physiological functions, share the same 
3-dimensional structure. The core of the molecule is an 
8- or 9-stranded β-barrel with flexible loops surrounding 
the entrance to the binding pocket located in the β-barrel 
interior (Fig. 1). This architecture makes lipocalins prone 
to modifications that change the affinity to selected mo-
lecular targets (Skerra, 2008; Loch et al., 2018).
The biological function of β-lactoglobulin has not 
been clarified up to date and almost all the available data 
describe the potential role of the protein from bovine 
milk. It was postulated that BLG has antioxidant activity 
and like other whey proteins is a potential glutathione 
transporter. Bovine β-lactoglobulin demonstrated resist-
ance to gastric digestions and was proposed as a car-
rier for gastric-labile hydrophobic drugs (Tsutsumi & 
Tsutsumi, 2014). It was also discovered that BLG has 
catalytic activity and can promote cyclodimerization of 
all-trans-retinal to cycloretinal (Gowda et al., 2017). Re-
cently, the nutritional scientists focused their studies on 
bioactive peptides which are released when lactoglobulin 
is digested in the gastrointestinal tract or is affected by 
processing with the use of high temperature (Leeb et al., 
2011) or high pressure (Zeece et al., 2008; Kurpiewska et 
al., 2018). These peptides, containing from 3 to 20 ami-
no acids per molecule, when released in the body may 
act as regulatory compounds with hormone-like function 
(Hernández-Ledesma et al., 2008; Power et al., 2014) or 
as dipeptidyl peptidase-4 inhibitors (Silveira et al., 2013; 
Tulipano et al., 2015).
Besides many possible functions, the transport of hy-
drophobic ligands seems to be the most important lac-
toglobulin role. Bovine β-lactoglobulin is well known 
for its ability to bind a wide range of compounds. Li-
gand binding to BLG is related to pH-dependent con-
formational change called Tanford transition (Sakurai & 
Goto, 2006). The number of recognized β-lactoglobulin 
ligands is estimated at more than 200 (Sawyer, 2013). 
Among them, fatty acids (Pérez & Calvo, 1995) and reti-
nol (Ciuciu et al., 2016) play a special role and are pro-
posed to be the endogenous ligands for BLG. Extensive 
studies with the use of various techniques revealed that 
bovine β-lactoglobulin can bind predominately saturated 
and unsaturated fatty acids of the length from C8 to C22 
(Le Maux et al., 2014).
Numerous biophysical and biochemical studies per-
formed on bovine lactoglobulin did not allow to define 
its biological function, even less is known about the 
function of proteins from the other species, including 
goat and sheep. In this study, we investigated the ligand 
binding properties of sheep lactoglobulin. A model li-
gand, water-soluble aliphatic compound, sodium dodecyl 
sulfate (SDS) was selected to compare the association 
constants determined for SLG to the values determined 
earlier for the bovine (Loch et al., 2013b; Bonarek & 
Polit, 2018) and caprine protein (Loch et al., 2015b). Pre-
sented biophysical and structural studies give insight into 
SLG conformational dynamics and ligand binding prop-
erties and bring closer the identification of its possible 
biological function.
MATERIALS AND METHODS
Protein isolation and purification. Sheep 
β-lactoglobulin (isoform A) was isolated from fresh ho-
mozygotous ovine milk according to the procedure de-
scribed previously (Loch et al., 2014). The SDS-PAGE, 
as well as anion exchange chromatography (MonoQ 
5/50 column GE Healthcare), were performed to check 
the homogeneity of the purified SLG (Fig. 2). The pro-
tein solution was prepared in water (water was also used 
instead of chromatographic buffer A) and SLG was elut-
ed from the resin using a gradient of buffer B (0.7 M 
CH3COONa, pH 6.3). The resulting chromatogram, 
superimposed on chromatograms for similar separa-
tions carried out under identical conditions for goat lac-
toglobulin (Loch et al., 2015b) and a mixture of bovine 
lactoglobulin isoforms purchased from Sigma-Aldrich, is 
presented in Fig. 2.
Circular dichroism. Near-UV and far-UV CD spec-
tra were recorded at 25°C on a JASCO J-710 spectropo-
larimeter using 50 mM phosphate buffer pH 7.5. The 
protein concentrations of 70 μM and 5 mm or 200 µm 
path length were used for near-UV and far-UV measure-
ments, respectively. Three scanning acquisitions were ac-
cumulated and averaged to yield the final spectrum. The 
CD spectra were corrected for the buffer baseline. The 
ellipticity was converted to a difference in extinction co-
efficients (Δε). The spectra were normalized to the path 
length and the peptide bonds concentration for far-UV 
and to the protein concentration for near-UV.
Isothermal titration calorimetry. ITC experiments 
of SDS binding were carried out at pH 7.5, 25°C using a 
VP-ITC instrument (MicroCal, Northampton, MA, USA) 
according to the method described in detail in our previ-
ous paper (Loch et al., 2013b).
Crystallization. Crystals of the ovine β-lactoglobulin 
complex with decanol (SLG-DEC) were obtained us-
ing vapor diffusion method in a hanging drop setup, in 
drops formed by mixing 2 µl SLG (15 mg/ml), 0.5 µl of 
decanol and 2 µl of a well solution containing 1.30 M 
sodium citrate in 0.2 M Tris pH 8.5. Crystals of the bo-
vine β-lactoglobulin complex with decanol (BLG-DEC) 
were obtained in drops containing 2 µl of BLG (20 mg/
ml), 0.5 µl of decanol and 6 µl of a well solution con-
taining 1.34 M sodium citrate in 0.1 M Tris-HCl pH 7.5. 
Drops were equilibrated against 500 µl of the well solu-
tion. Bovine β-lactoglobulin isoform B (≥90%) used for 
crystallization was purchased from Sigma-Aldrich.
Data collection, structure refinement and analy-
sis. The diffraction data were collected using SuperNova 
diffractometer (Rigaku Oxford Diffraction) equipped with 
microfocus CuKα (1.54 Å, 0.8 mA and 50 kV) and 
135 mm Atlas CCD detector. Crystals were immersed 
in a cryoprotectant (20%, v/v glycerol in the well solu-
tion) and immediately transferred to nitrogen cryostream 
(120 K). Data were processed using CrysalisPro (Rigaku 
Figure 2. Chromatographic analysis (MonoQ 5/50 column) of 
lactoglobulin isolated from ovine milk (SLG_A). 
The chromatogram was superposed on similar separations per-
formed for lactoglobulin isolated from caprine milk (GLG) and 
the mixture of two isoforms of bovine lactoglobulin (BLG_A and 
BLG_B) purchased from Sigma-Aldrich. Insert: SDS-PAGE analysis 
of SLG_A, GLG and BLG (a mixture of BLG_A and BLG_B) before 
loading onto MonoQ 5/50 column.
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Oxford Diffraction) and Aimless (Evans & Murshudov, 
2013) from the CCP4 package (Winn et al., 2011).
The structure of BLG-DEC was solved by molecular 
replacement in Phaser (McCoy et al., 2007) using bovine 
lactoglobulin structure 1BSY as a starting model. The 
structure of the SLG-DEC complex was solved using 
ovine lactoglobulin structure 4NLI as a model. Structures 
were refined in Refmac (Murshudov et al., 2011), Fourier 
maps were investigated in Coot (Emsley et al., 2010). Sta-
tistics of data collection and structure refinement are 
summarized in Table 1. The structures were deposited in 
Protein Data Bank as entries 6T42 (BLG-DEC) and 6T44 
(SLG-DEC).
RESULTS
CD spectra
To compare SLG secondary and tertiary structure in 
solution at pH close to neutral (pH 7.5), to the struc-
ture of GLG and BLG, the circular dichroism spectra 
were recorded. The CD spectra of sheep β-lactoglobulin 
(Fig. 3) were compatible with the results obtained for 
goat and bovine protein (El-Zahar et al., 2004). The 
far-UV spectra indicated high secondary structure simi-
larity of ovine lactoglobulin and its bovine and caprine 
homolog. However, the near-UV spectra showed some 
differences. In comparison to BLG (or GLG), the sig-
nal for ovine protein was more intense in the range of 
260–290 nm, maintaining the characteristic minima at 
268 nm originating from phenylalanine residues and at 
285 and 293 nm related to Trp19 hidden in the β-barrel 
bottom. Such results suggest that SLG has the most rig-
id structure among all the studied lactoglobulins (Loch et 
al., 2015b).
Thermodynamics of ligand binding (ITC)
The isotherms of SDS binding to ovine β-lactoglobulin 
recorded in three different buffers used (phosphate, Tris, 
Tricine) are presented in Fig. 4. In all cases, a model of 
one binding site was sufficient to describe the interac-
tions. The calculated stoichiometry was always below 1.0 
and varied in the range from 0.63 to 0.79. The deter-
mined thermodynamic parameters (Table 2) indicate that 
the reaction is driven by favorable changes both in en-
thalpy and entropy, however, with entropy contribution 
to Gibbs energy almost twice higher. From the linear de-
pendence of the observed enthalpies versus buffer ioni-
zation enthalpies, it was calculated that 0.51±0.04 mole 
of protons is released during the formation of one mole 
of the complex (inset in Fig. 4).
Crystal structures of SLG and BLG complexes with 
decanol
The ovine protein used for crystallization had high 
purity as checked by SDS-PAGE (Fig. 2). Our efforts 
to obtain crystal of SLG complex with SDS (SLG-SDS) 
Table 1. Statistics of the data collection and structure refine‑
ment.
SLG-DEC BLG-DEC
PDB ID 6T44 6T42
Data processing
space group P62 P3221
unit cell [Å] a=b=108.34,c=55.86
a=b=53.15,
c=111.41
resolution [Å] 14.58–2.00(2.05–2.00)
13.29–1.95
(2.00–1.95)
total no. of unique reflections 25 315 (1832) 13 734 (944)
Rmerge 0.058 (0.436) 0.032 (0.330)
mean I/σI 12.8 (1.3) 10.7 (1.8)
completeness [%] 99.6 (99.7) 99.2 (99.2)
CC(1/2) 0.997 (0.728) 0.999 (0.871)
multiplicity 2.7 (2.1) 2.5 (1.8)
Refinement
no. of reflections (test) 24 126 (1 170) 13 638 (1 357)
R [%] 19.6 17.4
Rfree [%] 24.8 22.9
rms bonds [Å] 0.011 0.010
rms angles [°] 1.686 1.582
Ramachandran statistics
favored [%] 98 97
allowed [%] 2 3
disallowed [%] 0 0
Figure 3. Far‑UV (A) and near‑UV (B) CD spectra of SLG (solid 
line), BLG_B (dashed line) and GLG (dotted line). 
SLG spectrum was acquired using 70 μM protein in 0.05 M phos-
phate buffer, pH 7.5, 25°C. The Δε value was normalized to the 
peptide bonds or protein concentration. Spectra of BLG_B and 
GLG are from (Loch et al., 2015).
Figure 4. Calorimetric isotherms of SDS binding to SLG. 
The experiments were performed in three buffers which differed 
in their ionization enthalpy: phosphate (black triangles), Tricine 
(black squares) and Tris (white circles) at the concentration of 0.05 
M and pH 7.5. The solid line represents the best fit of the experi-
mental data to the one-site binding model. The insert: depend-
ence of the experimental binding enthalpy (∆Hexp) on the ioniza-
tion enthalpy of the buffer (∆Hion).
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failed, so we screened other aliphatic ligands to find 
those that facilitate crystallization. Among them, only de-
canol gave promising results. As the structure of refer-
ence protein (BLG) complex with decanol was unknown 
we also crystallized BLG in the presence of DEC.
The crystals of BLG-DEC complex had symmetry 
of P3221 space group, which is typical for most of the 
BLG-ligand complexes (Cherrier et al., 2013; Loch et al., 
2016; Rovoli et al., 2018). The flexible loops, EF and 
GH, were in open conformation which is common for 
bovine lactoglobulin structures determined at pH above 
7.5 (Qin et al., 1998). The asymmetric part of the unit 
cell contained one protein chain. The DEC molecule 
was bound in the hydrophobic part of the β-barrel and 
possessed an extended conformation (Fig. 5E).
The crystals of sheep β-lactoglobulin complex with 
decanol were obtained using sodium citrate as precipi-
tant but they appeared after much longer time (approx. 
3 months) than crystals of BLG-DEC complex, which 
grew under similar conditions within 2–3 days. Their 
morphology was also different than observed for BLG 
crystals (Fig. 5). Hexagonal crystals of SLG-DEC com-
plex had symmetry of space group P62 that was not ob-
served previously for any β-lactoglobulin crystals. The 
asymmetric part of the unit cell contained SLG dimer 
of pseudo-two-fold symmetry (Fig. 6). Electron density 
was well defined for the entire molecule except for dis-
ordered N-terminal residues and GH loop in both subu-
nits. The Fourier maps revealed the presence of decanol 
molecule bound in the β-barrel of each subunit (Fig. 5, 
Fig. 6).
Both SLG-DEC subunits had a very similar but not 
identical structure. The differences were observed for 
the main chain atoms in loops EF, GH (Fig. 7A) and 
for the small loops DE and BC at the β-barrel bottom. 
The EF loop in subunit B had an open conformation 
typical for LG-ligand complexes while residues Ala86 
and Leu87 from EF loop in subunit A were shifted by 
up to 6.5 Å towards the position observed in the closed 
conformation of the loop (Fig. 7A). This “half-open” 
conformation is unique and different than conformations 
summarized and classified in our previous study (Loch 
et al., 2015a). The GH loop in both chains was partially 
disordered, which is frequently observed in bovine lac-
toglobulin structures with an open EF loop (Loch et al., 
2012; Loch et al., 2015a).
Subunits A and B in the SLG-DEC structure dif-
fered in the conformation not only of flexible loops but 
also of decanol molecule bound in the β-barrel (Fig. 6). 
In the chain A, similarly as in the BLG-DEC structure 
(Fig. 5E and Fig. 6B), the decanol aliphatic chain had 
an extended conformation, which is typical for hydrocar-
bon chain in known bovine β-lactoglobulin complexes 
with fatty acids (Wu et al., 1999; Kontopidis et al., 2002; 
Loch et al., 2013a). Also, the position of the decanol hy-
droxyl group in the SLG-DEC subunit A was similar 
to the one observed in BLG-DEC structure and BLG 
complex with decanoic acid (PDB ID: 3NQ3) (Loch et 
al., 2011). In the SLG-DEC subunit B, the ligand was 
bent and its hydroxyl group made hydrogen bonds to 
Table 2. Thermodynamic parameters determined by ITC at 298 K for binding SDS to SLG in 50 mM phosphate buffer pH 7.5. ΔG was 
calculated according to the equation: ΔG=–RTlnKa
SLG GLG * BLG(B)** BLG(A) **
n H+ (mol/mol) –0.51±0.04 –0.51±0.04 –0.421±0.018 –0.584±0.050
Ka (M–1)×10-5 6.0±2.8 7.0±1.2 6.39±1.68 8.38±1.47
ΔH (kJ/mol) –11.3±1.1 –13.10±1.25 –11.39±0.60 –2.54±1.65
TΔS (kJ/mol) 21.7±1.6 20.27±1.31 21.75±0.88 31.27±1.71
ΔG (kJ/mol) –33.0±1.2 –33.36±0.41 –33.14±0.65 –33.81±0.43
*Values from (Loch et al., 2015b); **Values from (Loch et al., 2013b)
Figure 5. Crystals of (A) SLG‑DEC and (B) BLG‑DEC complexes. 
The quality of electron density maps (2FoFc, 1.00 σ) around de‑
canol molecule in SLG‑DEC dimer subunit A (C), dimer subunit B 
(D) and in BLG‑DEC complex (E).
Figure 6. (A) Asymmetric dimer in the crystal structure of the 
SLG‑DEC complex. (B) Differences in ligand conformation in 
SLG‑DEC subunit A (green), SLG‑DEC subunit B (cyan) and in 
BLG‑DEC complex (light pink).
Figure 7. (A) Lactoglobulin structures with different conforma‑
tions of EF and GH loops. 
Superposition of the ovine lactoglobulin: SLG-DEC subunit A 
(green), SLG-DEC subunit B (cyan), unliganded SLG (PDB ID: 4NLI) 
(violet) and bovine lactoglobulin structures (PDB IDs: 3BLG and 
1BSY). (B) Superposition of SLG-DEC subunit A (green), SLG-DEC 
subunit B (cyan) and the structure of BLG-SDS complex (magenta) 
(PDB ID: 4IBA).
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NE2 atom of Gln120 (3.20 Å) and to carbonyl atom of 
Leu39 (2.67 Å) (Fig. 5D). The oxygen atom was located 
close to the position which in subunit A was occupied 
by Met107 (Fig. 6B). It is interesting to notice that in 
crystals of unliganded bovine β-lactoglobulin (e.g. PDB 
ID:1BSY) and in some BLG-ligand complexes (e.g. PDB 
ID: 3NQ3 and SLG-DEC subunit A) the position tak-
en by decanol hydroxyl group was occupied by a water 
molecule.
DISCUSSION
Ligand binding to SLG
The bovine β-lactoglobulin, which is the most inten-
sively studied lactoglobulin, can bind a wide range of li-
gands (Sawyer, 2013). Our previous studies on caprine 
β-lactoglobulin revealed that GLG is able to bind SDS 
(Loch et al., 2015b) as well as local anesthetic drugs: 
pramocaine and tetracaine (Loch et al., 2015a) in a simi-
lar manner as BLG (Loch et al., 2015a). High structur-
al and sequence homology of SLG to GLG and BLG 
(Loch et al., 2014) prompted us to characterize also SLG 
binding ability in a solution using SDS as a model li-
gand. The determined parameters ΔG, ΔH, ΔS and the 
number of the exchanged protons were in a good agree-
ment with the values obtained in our earlier studies on 
GLG and BLG isoform B (Loch et al., 2013b; Loch et 
al., 2015b). Therefore, we can conclude that differences 
in amino acid composition do not significantly affect the 
SLG ability to bind in solution ligands possessing ali-
phatic chain. The binding site in SLG is almost identi-
cal to that present in GLG and BLG. However, unsuc-
cessful crystallization trials of SLG and GLG complexes 
with SDS or fatty acids indicate that lactoglobulin from 
sheep or goat milk has slightly different properties than 
bovine protein (Loch et al., 2014; Loch et al., 2015b).
Complexes of bovine β-lactoglobulin with hydropho-
bic ligands, in particular with fatty acids, can be crystal-
lized from solutions containing sodium citrate or am-
monium sulfate as the precipitant (Oliveira et al., 2001; 
Kontopidis et al., 2004). Despite the high structural 
similarity between bovine and ovine protein, confirmed 
by CD spectra (Fig. 3) and crystal structures of unli-
ganded forms (Loch et al., 2014), six differences in the 
sequence affect the electrostatic properties of SLG and 
thus influenced the crystallization conditions (Loch et al., 
2014) and protein interactions with anion exchange resin 
(Fig. 2). We observed that SLG is eluted from the col-
umn (Fig. 2) at elution volume lower than BLG isoform 
B (and isoform A) but similar to GLG. It indicates that 
ovine and caprine proteins which differ in only one resi-
due at position N130K (Fig. 1) exhibit similar biophysi-
cal properties and crystallization behavior.
For our structural studies of SLG complexes, besides 
SDS, we selected fatty acids of length C10 to C18 that 
proved to form complexes with BLG (Loch et al., 2011; 
Loch et al., 2012). However, no crystals of SLG complex 
with fatty acids could be obtained neither under crystalli-
zation conditions similar to used previously for BLG nor 
under conditions modified by change of precipitant and 
buffer in the pH range 7.5–8.9. All the amino acids dif-
ferent in BLG and SLG or GLG are located relatively 
far from the primary binding site located in the β-barrel 
and do not comprise residues directly involved in pro-
tein-ligand interactions. The superposition of BLG-SDS 
complex (PDB: 4IBA) with each subunit of SLG-DEC 
structure (Fig. 7B) showed no differences explaining the 
difficulties in the crystallization of SLG complex with 
SDS. Presumably, problems have their origin in the elec-
trostatic interactions, which in the presence of negatively 
charged SDS or fatty acid in the binding site prevent 
nucleation and/or crystal growth. This hypothesis seems 
to be confirmed by the successful crystallization of the 
SLG complex with less polar molecule, 1-decanol.
Long-chain aliphatic alcohols, as 1-decanol, are not 
common protein ligands but they are present in living 
organisms as the components of wax esters (Wahlen et 
al., 2009). Some studies on 1-decanol interactions with 
proteins were performed for 5-HT3A receptors (Decker 
et al., 2015), L1 neural cell adhesion molecule (Dou et 
al., 2011), bovine serum albumin (Reynolds et al., 1968) 
and horse myoglobin (Eckenhoff et al., 1999). Due to 
the extremely low solubility of 1-decanol in aqueous 
solutions, the reliable measurements of thermodynamic 
parameters of this alcohol binding to the protein are 
not possible using ITC (Malham et al., 2005). Among 
structures deposited in PDB, decanol is present only in 
a complex made by another lipocalin: mouse Major Uri-
nary Protein 2 (MUP-2) (Malham et al., 2005). MUP-2 
(PDB ID: 1ZNL) has the fold almost identical to ovine 
β-lactoglobulin but both sequences are very distant (only 
18.6% of identity).
Superposition of SLG-DEC subunit A and BLG-DEC 
complex (Fig. 6B) showed that in both structures de-
canol occupies almost identical position and its hydroxyl 
group binds water molecule (Fig. 5). The structures and 
results of ITC measurements (Table 2) indicated that 
binding of 10-carbon-long or longer aliphatic ligands 
is driven by non-specific hydrophobic interactions, the 
same in bovine, ovine and caprine β-lactoglobulin.
Previous experiments with ovine and caprine 
β-lactoglobulins showed that their crystals have differ-
ent packing than crystals of bovine protein even un-
der similar crystallization conditions (Loch et al., 2014; 
Loch et al., 2015b). It is probably the result of amino 
acid substitutions on the protein molecule surface that 
do not directly affect the ligand binding but influence 
the molecular interactions in the crystalline phase. Also, 
the crystal packing probably induced an unexpected bent 
conformation of ligand in SLG-DEC subunit B. In this 
subunit, the entrance to the β-barrel is partially filled by 
EF loop from a symmetry-related subunit B” (Fig. 5D). 
The side chain of Leu87” is positioned in the place 
where the usually polar head of ligand is located, forc-
ing part of decanol molecule to shift into an alternative 
position near the residues Gln120, Leu39, Ala118, Val41, 
and Met24.
Conformational flexibility of ovine lactoglobulin
The structure of SLG-DEC complex is an example of 
an asymmetric lactoglobulin dimer in which each subunit 
has different conformation of flexible loops, especially 
EF and GH. Such asymmetric dimers were observed 
previously in BLG structure determined under low-hu-
midity conditions (Vijayalakshmi et al., 2008) and more 
recently in goat β-lactoglobulin (Loch et al., 2015b). The 
GLG structure obtained at pH 7.5 contained two dimers 
in the asymmetric part of the unit cell but the EF loop 
was opened only in one of the four subunits. Interest-
ingly, in GLG crystals obtained at pH 8.5, the EF loop 
was closed. These observations indicate that Tanford 
transition is triggered not only by pH change but prob-
ably also depends on the ionic strength of the solution 
and the presence of ligand.
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In crystals of SLG-DEC, the entrance to the binding 
pocket in chain A was directed towards a large channel 
filled with solvent. While position and conformation of 
the ligand were typical for lactoglobulin complexes, the 
half-open conformation of the flexible loops EF and 
GH was different from expected. The analysis of molec-
ular packing revealed that the EF loop in chain A in the 
open conformation would be too close to rigid CD loop 
from subunit B’’ of the neighboring molecule. Therefore, 
to avoid unfavorable interactions, EF and GH loops 
were distorted and their unusual conformation (Fig. 7A) 
is probably not related to the intermediate state of Tan-
ford transition but rather to the packing of molecules.
The details of the Tanford transition were deter-
mined for the bovine β-lactoglobulin. At acidic pH, the 
EF loop blocks the access to the binding pocket in the 
β-barrel. Such position of the loop is stabilized mostly 
by the hydrogen bond between Glu89 carboxyl group 
that possesses anomalous pKa 7.3 (Tanford et al., 1959) 
and the carbonyl group of Ser116. As the pH increases, 
deprotonation of carboxyl destroys the hydrogen bond 
and induces a conformational change that opens access 
to the binding pocket. A more complex model of Tan-
ford transition, involving also GH loop and hydrogen 
bonds at residues Ile84, Asn90 and Glu108, was estab-
lished using NMR measurements (Sakurai & Goto, 2006; 
Sakurai et al., 2009). Since glutamic acid 89 is conserved 
in β-lactoglobulin from almost all species, Tanford tran-
sition seems to be a common mechanism regulating ac-
cess to the β-barrel which is a primary ligand binding 
site in β-lactoglobulins.
The nutritional value of proteins depends on their 
digestibility and bioavailability of the resulting peptides 
and amino acids. It was observed that BLG is resistant 
to pepsin digestion at a wide range of pH values (Raha-
man et al., 2017) including highly acidic conditions and 
thus BLG can travel intact through the stomach. The 
BLG susceptibility for proteolysis increases in the intes-
tine where pH is higher and pancreatic proteases, trypsin 
and chymotrypsin, are active (Rahaman et al., 2017). 
Lactoglobulin resistance to gastric proteases is also cor-
related to the occurrence of Tanford transition. In the 
stomach, where pH is low and EF loop has closed con-
formation that limits the access to the cleavage sites, 
digestibility is low. In the intestine, where pH rises to 
higher values, EF loop adopts open conformation and 
the protein becomes susceptible to proteases, especially 
to trypsin because two trypsin cleavage sites (Gasteiger 
et al., 2005) are present at residues 83 and 91 localized at 
the beginning and at the end of the EF loop. The crystal 
structures of SLG determined in this work in combina-
tion with the previous data (Loch et al., 2014) suggest 
that Tanford transition also occurs in the ovine protein, 
therefore it could be concluded that the mechanism of 
SLG digestion and its nutritional value is very similar to 
bovine milk lactoglobulin.
CONCLUSIONS
The results of ITC measurements together with the 
determined crystal structure of SLG-DEC complex 
(Fig. 4, Table 2) revealed that binding of aliphatic li-
gands by ovine lactoglobulin and its close relative, the 
bovine protein, is very similar. The binding constant Ka 
and thermodynamic parameters of SDS interactions with 
these three proteins are almost identical. However, de-
spite the structural similarity to bovine β-lactoglobulin 
and common binding mechanism, small differences in 
the amino acid composition between BLG and SLG sig-
nificantly influence the physicochemical properties of the 
ovine protein like distribution of electrostatic potentials 
and the pI value (Loch et al., 2014).
The conformation of ligand bound in the β-barrel is 
determined both by the length of the aliphatic chain and 
the type and flexibility of the sides chains present in the 
binding pocket. Four different conformations of aliphatic 
chain (Fig. 8) have been observed to date: (1) “extend-
ed” which is typical conformation of most aliphatic li-
gands having at least 10-carbon-long aliphatic fragment 
located deeply in the hydrophobic part of the β-barrel 
(Loch et al., 2011; Loch et al., 2012); (2) “slightly curved” 
observed for short-chain fatty acids bound close to the 
β-barrel entrance (Loch et al., 2011); (3) “bent” confor-
mation observed for the first time in SLG-DEC com-
plex presented in this study with decanol molecule hav-
ing its polar group located in the cavity between residues 
39 and 120; and (4) “coiled (U-shaped)” conformation 
detected recently in the engineered lactoglobulin, forced 
by mutation F105L present in the middle part of the 
β-barrel (Fig. 8).
In SLG molecule, the EF loop can adopt open and 
closed conformation indicating that Tanford transition 
occurs. We demonstrated that loops in SLG possess the 
same conformational flexibility as observed previously 
for goat and bovine protein and can dynamically change 
their conformation under specific conditions determined 
by pH, ionic strength of the solution, presence of ligand 
or packing of molecules in the crystalline phase. We also 
showed that lactoglobulin binding pocket has some de-
gree of flexibility and can accommodate aliphatic ligands 
in different conformations.
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